Evidence is presented that suggests the formation of a complex between polypeptide chain-initiation factor IF 2, GTP, and fMet-tRNAf. This complex transfers both fMet-tRNAf and GTP to 30S ribosomal subunits in the presence of ApUpG and initiation factor IF 1. The resultant 30S initiation complex reacts with 50S subunits to form a 70S initiation complex. fMet-tRNAf in this 70S complex reacts with puromycin to form fMet-puromycin.
Polypeptide chain initiation in Escherichia coli involves the binding of fMet-tRNAf and mRNA to the 30S ribosomal subunit. A 70S initiation complex is formed when a 50S ribosomal subunit joins the 30S complex (1) . Initiation complex formation requires the participation of several protein factors, which can be obtained from ribosomes by washing them with a buffer that contains a high concentration of salt. Reports from various laboratories have described the isolation of three such initiation factors. We have previously designated these factors FI, FIII, and FII in keeping with the order of their elution from DEAE-cellulose columns (2) . They appear to correspond to factor F 1, F 2, and F 3 of Ochoa's laboratory (3) and to factors A, B, and C described by Revel and coworkers (4 GDP and Pi in a reaction dependent on both 30S and 50S ribosomal subunits. This hydrolysis is stimulated during formation of the 70S initiation complex (6) .
On the basis of these and other studies (7) , it has been suggested that the function of IF 2 in polypeptide chain initiation is similar to that of factor EF G (translocase) in polypeptide chain elongation. Factor EF G catalyzes the GTPdependent movement of nascent peptidyl-tRNA from the acceptor site (A-site) to the donor (puromycin-reactive, P site) (5), It is postulated that IF 2 catalyzes a GTP-dependent translocation of fMet-tRNAf from a site on the 30S ribosome to the donor site on the 70S ribosome, concomitant with the addition of the 50S subunit. GTP would be hydrolyzed to provide energy for this movement.
Although such a model has attractive features, IF 2 also has properties analogous to those of elongation factor EF T. Factor EF T catalyzes the binding of aminoacyl-tRNA to ribosomes in the presence of GTP and mRNA. This proceeds through the intermediate formation of an EF T-GTP-aminoacyl tRNA complex (5) . EF T factor also catalyzes the hydrolysis of GTP in a reaction dependent on both ribosomal subunits and stimulated by the components necessary for elongation of polypeptide chains (5) . Weissbach and coworkers have reported that the initial binding of aminoacyl-tRNA from EF T-GTP-aminoacyl-tRNA may be to the 30S subunit (8) .
In the studies presented below, we show that IF 2 interacts with GTP in the presence of fMet-tRNAf. Evidence is presented to indicate that this complex is an intermediate in the binding of both fMet-tRNAf and GTP to the 30S subunit. Addition of 50S subunits results in a 70S initiation complex, with fMet-tRNA positioned in the donor site. We suggest that the role of factor IF 2 in polypeptide initiation is analogous to the role of factor EF T in polypeptide elongation. Recently, Clark and coworkers also reported the interaction of IF 2 with GTP and fMet-tRNAf (9 Sources of all reagents used in the present studies have been described (10) .
Preparation of Charged tRNA, Ribosomes, and Initiation
Factors.
The preparation of charged tRNA and salt-washed ribosomes, as well as the purification of initiation factors have been described (10 Gordon (13) :
After incubation at 250C for 10 min, 0.1-ml aliquots of each reaction mixture were applied to a 0.5 X 20 cm Sephadex G-50 column equilibrated at 4VC with reaction buffer. Fractions (0.15 ml) were collected at 40C and counted in Bray's solution (14) .
Assay offAet-Puromycin Formation. 50 nmol of puromycin were added per 0.125 ml of reaction mixture and the mixtures were incubated 5 min at 370C. Formation of fMet-puromycin was measured by the ethylacetate extraction procedure of Leder and Bursztyn (15) . (Fig. 1) . To demonstrate that the entire GTP molecule is present in the complex, GTP labeled with equimolar amounts of 3H and y_32P was used to measure complex formation. Both 3H and 32p were detected in the complex, in equimolar amounts (data not shown). These observations indicate that GTP is bound to high molecular weight material (presumably IF 2) in a reaction requiring IF 2 and fMet-tRNAf.
RESULTS

Stimulation of
Since the Sephadex G-50 procedure does not resolve free fMet-tRNAf from complexed material, these experiments ( Fig. 1 ) do not directly demonstrate the presence of fMettRNAf in a [IF 2, GTP, fMet-tRNAf] complex. Therefore, we attempted to detect such a complex by analysis on Sephadex G-100, where complexed fMet-tRNAf would be separated from unreacted fMet-tRNAf. Such an approach has been effective in demonstrating the binding of aminoacyl-tRNA to T factor and GTP (5) . However, when a reaction mixture prepared as described in the legend to Fig. 1 was analyzed on Sephadex G-100, we failed to detect fMet-tRNAf in the excluded volume. Also, the amount of GTP excluded (1.2 pmol) was the same as the amount of GTP excluded from reaction mixtures lacking fMet-tRNAf. We interpret these results as an indication that a ternary complex is formed between IF 2, GTP, and fMet-tRNAf, but that the equilibrium strongly favors the dissociation. Therefore, the continued presence of the intiator tRNA would be necessary to maintain the integrity of the ternary complex.
Influence of Various Nucleotides and Components ofInitiation on the Formation of the IF 2 Complex. GTP is the only nucleoside triphosphate that binds to IF 2 in the presence of fMet-tRNAf (Fig. 2) . ATP, CTP, and UTP do not bind. GDP is bound to IF 2, but with much less efficiency than GTP Interaction of IF 2 with GTP and GDP in the Absence oftRNA. Initiation factor IF 2 also interacts with GTP in the absence of fMet-tRNAI, although the extent of binding is much less (6 to 7-fold) than in the presence of fMet-tRNAf (Fig. 3) was then passed through a Sephadex G-50 column. The peak of radioactivity in the excluded volume was collected. Aliquots of this material were incubated at 0C with 30S ribosomal subunits, ApUpG, and initiation factor IF 1. The rate of transfer of fMet-tRNAf from the "ternary complex" to the 30S ribosome was measured by the retention of fMet-tRNAf on Millipore filters (Fig. 4) (Fig. 4) Fig. 4 , binding of fMet-tRNAf to 30S particles from the "ternary complex" is almost completely dependent on the presence of ApUpG and is decreased about 40% by the omission of IF 1. These results suggest that the ternary complex [IF 2, GTP, fMet-tRNAf] is a precursor for the transfer of fMet-tRNAf to the 30S initiation complex.
During formation of the 30S initiation complex from its separate components, GTP as well as fMet-tRNAf is bound to the 30S subunit (18) . Therefore, we asked whether the GTP in the "ternary complex" also was transferred to the 30S subunit. In the experiments presented above, [3H] 30S ribosome in a reaction requiring ApUpG, it was of interest to determine whether the 30S complex formed in this manner was a precursor of a functional (puromycin-reactive) 70S complex. In this experiment (Table 1) , the 30S complex formed after incubation of the "ternary complex" with 30S subunits, ApUpG, and IF 1 was isolated on Sephadex G-100. When 50S ribosomal subunits were added, all the fMettRNAf initially bound to 30S subunits became reactive with puromycin. This indicates that fMet-tRNAf had been so positioned in the donor site of the 70S initiation complex that it could donate fMet into peptide linkage.
DISCUSSION
Initiation factor IF 2 is required for the binding of fMet-tRNAf to 30S ribosomal subunits in the presence of GTP and ApUpG. IF 1 stimulates this binding about 2-fold, while IF 3 is not required (11) . We have now observed that initiation factor IF 2 forms a complex with GTP in the presence of fMet-tRNAf that can be detected by Sephadex G-50 gel filtration. Since unreacted fMet-tRNAf eluted from Sephadex G-50 in the same position (excluded material) as the presumed "ternary complex", Sephadex G-50 analysis did not prove that fMettRNAf, itself, is present in a complex with GTP and IF 2. We attempted to directly demonstrate the presence of fMettRNAf in such a complex by Sephadex G-100 analysis, a technique that allows separation of complexed and free fMettRNAf. In this case we observed no complex formation. This suggests to us that the reaction between IF 2, GTP, and flMettRNAf to form a [IF 2, GTP, fMet-tRNAf] complex may in fact occur, but that the equilibrium of the reaction favors the dissociated components; once unreacted fMet-tRNAf is separated from the "ternary complex" in Sephadex G-100 columns, the complex would readily dissociate to its constituents. This rapid dissociation may also explain the need for large quantities of IF 2 to detect complex formation. In most of our experiments, we have used 6 ug of factor IF 2 (equivalent to 68 pmol of factor if we assume that IF 2 is 90% pure and its molecular weight is 80,000). The amount of GTP bound in the "ternary complex" in the presence of fMet-tRNAf ( (19) . Reaction (1) might proceed via the intermediate formation of a IF 2-GTP binary complex, which would then react with tRNAf to form the ternary complex. Evidence for formation of such a binary complex has been documented before and confirmed in the present communication (16, 17) . However, the extent of GTP binding to initiation factor IF 2 is very small (0.014-0.023 pmol of GTP bound per pmol of IF 2). The possibility exists that such binding of GTP in the absence of fMet-tRNAf is due to the presence of a contaminating GTP-binding protein in the factor preparation and that formation of the GTP-protein complex observed is unrelated to initiation of protein synthesis. We have reported the presence, in initiation factor preparations, of a GTPbinding protein that is unrelated to any of the three initiation factors (2) .
We have presented evidence that shows that [IF 2, GTP, fMet-tRNAf] transfers GTP, as well as fMet-tRNAf, to 30S ribosomes. This result is in accord with the recent observation of Thach that, under conditions of 30S initiation complex formation, GTP, as well as fMet-tRNAf, becomes bound to the 30S subunit (18) .
The ability of IF 2 to complex with GTP and fMet-tRNAf, and of the resulting "ternary complex" to transfer fMettRNAf and GTP to the 30S ribosome, is analogous to the function of elongation factor EF T, which promotes binding of aminoacyl-tRNA to ribosomes through the formation of an intermediate EF T-GTP-aminoacyl-tRNA complex (5) . The analogy is particularly striking in view of a recent report that EF T-GTP-aminoacyl-tRNA also interacts with the 30S ribosomal subunit (8) .
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